The failure of most non-ionic detergents to release patches of DRM (detergent-resistant membrane) at 37
INTRODUCTION
Lipid rafts are postulated to be nanodomains within the cellsurface membrane, formed by local condensation of cholesterol with saturated lipids to form distinct patches of L o (liquid ordered) phase within the general fluid 'sea' of L d (liquid disordered)-phase lipids. Proteins partition differentially into either of these two lipid phases, providing a lipid-based organization of surface proteins [1] .
A major biochemical aim has been to isolate these distinctive membrane nanodomains to allow their composition and structure to be determined, and hence their mechanism in directing signalling and other cellular functions to be understood. The most common approach has been to exploit the observation that the fluid L d phase of the membrane can be fully solubilized by non-ionic detergents at 4
• C, leaving L o -phase membrane, whose ordered structure excludes these surfactants, to float as light DRM (detergent-resistant membrane) in density gradient ultracentrifugation [2] [3] [4] .
The extent to which DRMs represent the composition of rafts on living cells has been challenged repeatedly (e.g. [5, 6] ). A general problem is that DRMs cannot be isolated at physiological temperature, but only at 4
• C [4, 6] . Many membrane lipids that, at 37
• C, are in a fluid L d phase, on chilling to 4 • C, form an ordered detergent-resistant gel phase. DRMs isolated at 4
• C must include lipids that are in L d phase at 37
• C [4, 5] . If exclusion of detergent from an L o phase is the criterion for selection of DRMs, it is not easy to explain why raft membrane in an L o phase cannot be isolated at 37
• C on the basis of detergent insolubility.
In addition, DRMs made with the benchmark detergent Triton X-100 have been shown to contain proteins from totally different cells [7] and to have scrambled the asymmetry of the surface membrane [8] , results pointing to a merger during solubilization of membrane fragments that are unrelated on the cell surface. This possibly results from the tendency of Triton X-100 to selectively deplete inner leaflet lipids from DRMs [9] [10] [11] , which would destabilize and presumably merge membrane patches into larger vesicles. This effect, however, is not found with all non-ionic detergents. In particular, Brij 96 used under similar conditions does not selectively deplete inner membrane lipids [11, 12] , fuse fragments from different membranes into mixed DRMs [7] or scramble membrane symmetry [8] .
However, the inner leaflet of the plasma membrane differs in lipid composition and phase characteristics from those of the outer leaflet, making it more vulnerable to disruption during membrane solubilization. Unlike the outer leaflet, whose major components (phosphatidylcholine and sphingomyelin) each form stable leaflets, the major inner leaflet lipid, PE (phosphatidylethanolamine), cannot by itself form a lamellar phase unless mixed with negatively charged PS (phosphatidylserine), whose large hydrated headgroup complements the small headgroup of PE to seal the membrane/water interface [13] [14] [15] . This balanced mosaic of intracellular lipids is dependent upon exclusion of Ca 2+ , maintained extracellularly at 1.2 mM, but held within the cytoplasm at sub-micromolar basal levels. Sustained influx of micromolar Ca 2+ into the cell leads to separation of PS − into Ca 2+ -chelated PS − domains, leaving PE to either fuse with nearby membrane or delaminate to form non-bilayer reverse hexagonal phases [16] [17] [18] [19] . Cholesterol condensed with saturated PE and PS − in the inner leaflet [20] sensitizes further the Ca 2+ chelation of PS − and separation of PE into a hexagonal phase [21] . Uncontrolled high levels of Ca 2+ will access the cytofacial leaflet as the plasma membrane is disrupted by homogenization and the major intracellular Ca 2+ stores (endoplasmic reticulum, mitochondria and lysosomes) are lysed by detergent; if unchecked, this Ca 2+ would destabilize PE at its interface with water, the region Triton X-100, with its short bulky hydrophobic chain, will particularly perturb in contrast with the long monolayer-spanning hydrophobic chain of Brij 96 (see Supplementary Figure S1 at http://www.BiochemJ.org/bj/417/ bj4170525add.htm). Addition of Ca 2+ chelators such as EGTA to buffers should limit the destabilization of the inner leaflet as the cell is disrupted, but it has not prevented the selective depletion of inner leaflet lipids or scrambling of the asymmetry of membrane proteins by Triton X-100 [8, 11] . In order to maintain full membrane-dependent function in isolated cytosolic organelles, such as translocation of protein in rough endoplasmic reticulum microsomes [22] , it is necessary to not only remove Ca 2+ , but also provide Mg 2+ and K + in a reducing buffer, where the effect of Mg 2+ in promoting lipid order [23] may be particularly relevant.
We have therefore investigated whether solubilization using buffers that chelate Ca 2+ , or mimic further the intracellular ionic environment, stabilize membrane domains sufficiently to allow subsets to be isolated at 37
• C as DRMs. We show this in detail for Brij 96, with which we have extensive experience in DRM isolation at 4
• C [7, 24, 25] . Experiments with Triton X-100 are included to show that cytoplasmic cations affect membrane solubilization by this detergent also. Brij 98 (with a similar C 18 H 35 alkyl chain to Brij 96, but with ∼ 20 polyoxyethylene headgroups), that alone of non-ionic detergents can be used to isolate DRMs at 37
• C without using intracellular cations [26, 27] , is also briefly examined with these buffers.
EXPERIMENTAL

Animals and reagents
Wistar rats aged 4 weeks were killed by CO 2 inhalation, and their brains were removed immediately and homogenized. PrP (prion protein), Thy-1 and LRP1 (low-density lipoprotein-receptorrelated protein 1) were detected by antibodies as described in [28] ; rabbit antibodies to Fyn (sc-434) and Src (sc-56890) were from Santa Cruz Biotechnology; mouse anti-actin (clone 4), antitubulin (clone DM1A) and rabbit anti-flotillin-1 (E446) were from Chemicon. Fab antibody fragments from Ox7 anti-Thy-1 and 2S anti-PrP antibodies, and WGA (wheatgerm agglutinin), were coupled directly to 5 and 10 nm gold (British BioCell) as described in [25] . Laboratory chemicals were analytical grade from standard suppliers.
Membrane preparation and solubilization
SB (standard solubilization buffer) was 250 mM sucrose, 10 mM Tris/HCl (pH 7.4) and 1 mM EGTA, with protease inhibitor mini-tablets (Roche) and 1 mM PMSF added before use. ISB (intracellular solubilization buffer) was 200 mM sucrose, 10 mM Hepes/KOH (pH 7.6), 50 mM potassium acetate, 1 mM magnesium acetate and 1 mM EGTA, with protease inhibitor minitablets, 1 mM PMSF and 1 mM DTT (dithiothreitol) added before use. Homogenization (5 ml of buffer per brain) was carried out using a Dounce homogenizer with the tight-fitting pestle on ice. When particulate membrane fragments were no longer observed (∼ 30 strokes), nuclei were pelleted at 5000 g for 5 min (Beckman Coulter Avanti J25 centrifuge, JA18.1 rotor), then membranes were centrifuged at 26 500 rev./min for 40 min (TLA120.2 rotor in a Beckman Optima ultracentrifuge). The membrane pellet was resuspended in half of the original volume, re-pelleted as before, then the resuspended pellet was twice depleted of myelin by ultracentrifugation through a 0.5-2.0 M sucrose gradient, with myelin (fractions lighter than 0.8 M sucrose) discarded, while Thy-1 and PrP were recovered in membrane fractions from 1.0 to 1.5 M sucrose. Protein concentration was determined (on aliquots solubilized in 0.1 % SDS) by the Bradford method (Bio-Rad Detergent Compatible Protein Assay Reagents Package); final concentrations were adjusted for solubilization to 10 mg/ml membrane protein. Detergent solutions at double strength were mixed with equal volumes of membrane homogenate. Solubilization was at 4
• C for 15 min, or membranes were pre-equilibrated at 37
• C for 5 min and detergent was added for another 5 min. Where indicated, membranes in ISB were pre-incubated with or without 5 mM MβCD (methyl-β-cyclodextrin) for 30 min at 37
• C, then detergent was added. Solubilized membranes were diluted 1:1 with 80 % sucrose at 4
• C and loaded at the bottom of the centrifuge tubes. Gradients of 5-30 % sucrose prepared in the relevant buffer with detergent (1 % Triton X-100, 0.5 % Brij 96) were layered on top to a total volume of 12 ml and centrifuged to equilibrium (37 000 rev./min for 18 h at 4
• C; SW40Ti rotor in a Beckman XL90 ultracentrifuge). Serial 1 ml aliquots were aspirated from the top of gradients. Pellets were taken up in 1 ml and resuspended by sonication (30 kHz, 1 min; Ultrasonic Homogenizer 4710, Cole-Parmer Instrument Company).
Sensory neurons, cultured for 5-7 days from the dorsal root ganglia of 4-6-week-old rats [28] , were harvested with a Teflon scraper and collected at 800 g for 5 min. Cultured neuroblastoma-derived N2a cells were harvested similarly. Both cell pellets were resuspended in ISB and fragmented in a 45 ml nitrogen bomb (PS152BAR, Parr Instrument Company) at 1200-1300 psi (1 psi = 6.9 kPa) after equilibrating for 5 min at 4
• C. Nuclei were pelleted as above, DNase (Promega) was added at 10 units/ml to postnuclear supernatant, and protein concentration was determined. Sensory neuronal membranes were adjusted to 1 mg of protein/ml to which an equal volume of 0.1 % Brij 96 in ISB was added; N2a membranes were adjusted to 10 mg of protein/ml to which 0.1-1.0 % Brij 96 was added. Sucrose gradients (5 ml total) were centrifuged to equilibrium (55 000 rev./ min for 18 h at 4
• C; TLS-55 rotor in a Beckman Optima ultracentrifuge).
IP (immunoprecipitation)
Purified IgG (Ox7 for Thy-1, 2S for PrP), coupled at 1 mg/ ml to tosyl (toluene-p-sulfonyl)-activated Dynabeads M-280 (Dynal Biotech), blocked with ethanolamine according to the manufacturer's instructions, was incubated with gradient fractions at 4
• C with gentle rotation from 1 h to overnight. Beads retained with a magnet were washed with 1 ml of SB/0.1 % Brij 96, then twice with 0.01 % Brij 96 before bound protein, recovered by boiling for 5 min in non-reducing sample buffer [29] , was electrophoresed and immunoblotted.
EM (electron microscopy)
For evaluation of glycoprotein asymmetry, DRMs were fixed with 1 % (w/v) paraformaldehyde and 0.1 % glutaraldehyde in their gradient buffer at 4
• C overnight, then spun down by centrifugation at 16 000 rev./min for 1 h (JA18.1 rotor in a Beckman Coulter Avanti J25 centrifuge). The pellet was resuspended in 5 μl of 10 % (w/v) gelatin that was allowed to set by placing the tube on ice for Isolation of DRMs at 37
• C 527 30 min. Small pieces of the pellet were cryoprotected by exposure to 2.3 M sucrose overnight at 4 • C, placed on to a pin and cryofixed by plunging into liquid nitrogen. Sections (80 nm thick) were cut at − 80
• C using an RMC cryo-ultramicrotome, and transferred to Pioloform ® -coated nickel EM grids, where they were washed with PBS, then remaining aldehyde groups were blocked with 50 mM glycine in PBS, (pH 7.2). Sections were incubated with 0.1 μg of WGA/ml in PBS for 4 h, washed in PBS, then fixed in 2 % glutaraldehyde in PBS for 5 min. Grids were contrasted in a mixture of 3 % uranyl acetate/2 % methylcellulose (1:9, v/v) for 10 min and viewed using a Technai 12 transmission electron microscope.
Immediately before use, immunogold preparations were precleared by centrifugation for 1 h to remove any aggregates that may have formed: 5 nm gold was spun at 14 000 rev./min (the speed used to pellet 10 nm gold) and 10 nm gold was spun at 10 750 rev./min (the speed used to pellet 15 nm gold) (JA18.1 rotor in a Beckman Coulter Avanti J25 centrifuge). For Thy-1 and PrP immunolabelling, DRMs were incubated with Fab antibody fragments of Ox7 or 2S coupled directly to 5 or 10 nm gold respectively (0.1 μg of protein/ml for each antibody) at 37
• C for 30 min. In the control experiment, R194 anti-(mouse Thy-1.2) and 3F4 anti-(human PrP) antibodies, coupled directly to gold as above, were used. Unbound gold was removed by centrifugation at 14 000 g for 5 min through 40 % sucrose, labelled DRMs at the interface were pelleted by centrifugation at 14 000 g for 2 min, and the pellet was fixed overnight in 2 % (w/v) paraformaldehyde/0.1 % glutaraldehyde for 1 h. Samples were post-fixed with OsO 4 (pH 7.3) at 4
• C for 1.5 h, dehydrated through ascending ethanol solutions into TAAB epoxy resin (TAAB Laboratory Equipment). The resin blocks were cut with diamond blades on a Leica Ultra-Cut microtome to 80-120 nm ultra-thin sections and picked up on to 150 mesh Guilder Grids with a support film of Pioloform ® . Grids, stained with uranyl acetate (25 % solution in methanol) and lead citrate [4.4 % (w/v) in CO 2 -free water], were viewed using transmission EM (Hitachi H7600).
The 5 and 10 nm gold particles were initially confirmed to be of that diameter using Gatan on-screen measuring software, and thereafter identified by eye using the 4-fold difference in their cross-sectional areas, and difference in contrast, as a guide. Quantification was carried out manually on high-power prints by overlaying a transparency on which were printed bars of 20 and 150 nm; particles present on different membrane fragments were not counted as being adjacent on the membrane.
RESULTS
DRMs were isolated from myelin-depleted brain membranes by detergent solubilization followed by ultracentrifugation to equilibrium in a sucrose density gradient [7, 24] using either SB containing 1 mM EGTA to chelate Ca 2+ or ISB to reproduce aspects of the intracellular ionic environment (Mg 2+ , K + and a reductive agent) during homogenization and solubilization. Preliminary experiments using dynamic light scattering found very little difference in the hydrodynamic size of micelles formed by either Triton X-100 or Brij 96 in the two buffers (see Supplementary Figure S2 at http://www.BiochemJ.org/bj/417/ bj4170525add.htm), in keeping with the low susceptibility of nonionic surfactants to buffer composition [30] .
Effect of buffer composition on isolation of raft proteins as DRMs at 4
• C
As a preliminary control, the migration of membrane proteins in the density gradient before adding detergents was determined ( Figure 1A ). Both GPI (glycosylphosphatidylinositol)-anchored Thy-1 and PrP remained within the loading fractions (11 and 12) of 40 % sucrose at the bottom of the gradient, with some PrP also pelleting at the bottom of the gradient. Actin, the structural protein of the cortical cytoskeleton that is anchored via adaptor proteins to transmembrane protein complexes, was also recovered in the loading fractions, although a small fraction of actin and PrP rose higher in the gradient, suggesting their association with lowdensity lipid-rich membrane fragments. Recovery of proteins in the loading fractions after solubilization is often interpreted as their being fully solubilized; to test whether this was the case here, the 40 % sucrose fractions were diluted to 8 % sucrose and centrifuged at 33 000 rev./min (TLA 120.2 rotor) for 3 h ( Figure 1A , right-hand panel). All three proteins were recovered in the pellet and so were in membranes rather than fully solubilized. Brain membranes were solubilized for 15 min at 4 • C, in both SB and ISB, in Triton X-100 ( Figure 1B ) and Brij 96 ( Figure 1C ), at concentrations (1 and 0.5 % detergent respectively with 5 mg/ml membrane protein) found previously to give optimal release of PrP and Thy-1 DRMs [7] . The distribution of Thy-1 and PrP on the gradient after solubilization in SB was very similar to that described previously [7] , with the proteins moving to a lighter density in Brij 96 compared with Triton X-100. Both detergents in SB caused a major part of actin to pellet at the bottom of the gradient, with the rest primarily in the loading fractions.
In ISB, however, the major fraction of Thy-1 and PrP remained either in the loading fractions, or (Thy-1 in Brij 96) in fractions 7-10 of intermediate density. Relatively little of these proteins floated at the low density found with solubilization in SB. In addition, in the presence of ISB, some actin floated further up the gradient in fractions 2-7 that would normally contain DRMs. When the loading fractions (11 and 12) recovered from gradients on which membranes solubilized in either detergent in ISB were diluted to 8 % sucrose and re-centrifuged, virtually all Thy-1 and PrP was pelleted, indicating that they remained in unsolubilized membrane ( Figures 1B and 1C , right-hand panels). This centrifugation test to determine whether protein was membrane-associated or fully solubilized was routinely applied hereafter to the loading fractions.
Solubilization at 37
• C Since ISB protected membranes against solubilization at 4
• C, the effect of the buffer upon solubilization at 37
• C was investigated. Figure 2 shows the effect of ISB compared with SB upon solubilization of brain membranes for 5 min at 37
• C in Brij 96 and Triton X-100. Brij 98 in both buffers was also tested, using 15 min of solubilization at 37
• C as described by Drevot et al. [26] .
Following solubilization in Brij 96 or Triton X-100, a substantial portion of the GPI-anchored proteins, and the intracellular raft protein flotillin-1 (not shown for Triton X-100), floated at the top of the gradient (fractions 2-4) irrespective of whether SB or ISB was used. Upon dilution to 5 % sucrose, Thy-1 and PrP in these light fractions could all be pelleted by centrifugation at 33 000 rev./min (TLA 120.2 rotor) for 3 h, confirming their membrane nature (results not shown, but see Figures 6 and 7) . LRP1, the transmembrane endocytic partner for PrP on neurons [28] , remained within the loading fractions. Pre-treatment of the membranes with the cholesterol chelator MβCD depleted this low-density fraction as expected for cholesterol-dependent DRMs [6] . These results together argue that it is possible to isolate DRMs from neuronal membranes by solubilization at 37
• C using either SB or ISB.
Solubilization in ISB differed from that using SB in delivering Thy-1 and PrP DRMs in a smaller number of fractions; in addition, a small proportion of the intracellular diacylated kinase Fyn, and even some of the monoacylated kinase Src, floated within the DRM fraction when ISB, but not SB, was used (Figure 2A) . A small proportion of the cytoskeletal proteins actin and tubulin also floated at low density in ISB, but not SB.
Similar results to those shown in Figure 2 were obtained with shorter (30 and 60 s) solubilization times, although 5 min proved more reproducible in the proportion of Thy-1 and PrP released to float at low density (results not shown). With longer solubilization (30-60 min) at 37
• C, sphingomyelinase degradation of raft sphingomyelin becomes evident [12] .
Brij 98 in SB showed a pattern of solubilization similar to that seen using ISB with Triton X-100 or Brij 96, in that much of the GPI-anchored proteins, and some Fyn and Src, floated at low density. ISB, however, appeared to stabilize the membrane too strongly to allow effective solubilization by Brij 98, since most of the GPI-anchored proteins and cytoplasmic kinases remained in the loading fractions ( Figure 1C) , from which they could be pelleted by centrifugation (results not shown) and so were membrane-associated.
Stability of DRMs at 37
• C and above
Membranes solubilized as above were at 37
• C for just 10 min: 5 min to pre-equilibrate, then 5 min more with detergent. Subse- quent gradient preparation and 18 h of ultracentrifugation were at 4
• C, during which detergent was also present in the gradient. To determine whether DRMs isolated at 37
• C remain stable at this temperature, samples processed at 37
• C for gradient formation and ultracentrifugation were compared with those centrifuged in a gradient at 4
• C. As shown in Figure 3 for Triton X-100, both Thy-1 and PrP on the external surface, and flotillin-1 on the inner surface, floated at 2-3 fractions' lighter density when ultracentrifuged at 37
• C. This indicates a higher lipid/protein ratio at the higher temperature and long-term stability of the DRMs at 37
• C. Since L o domains can be stable up to ∼ 50-60 • C [31, 32] , it should be possible to obtain DRMs after solubilization at temperatures higher than 37
• C. This was explored with solubilization for 5 min using Triton X-100 in ISB at higher temperatures (followed by ultracentrifugation at 4
• C). DRMs of Thy-1 and PrP remained resistant to solubilization at temperatures up to 50-55
• C (Figure 4 ). 
Figure 4 Effect on increasing temperatures of solubilization by Triton X-100
Immunoblots show the distribution of Thy-1 and PrP along sucrose gradients after solubilization of brain membranes in 1 % (v/v) Triton X-100 in ISB for 5 min at the temperature shown. P indicates the pellet fraction.
Separate immunoisolation of PrP and Thy-1 DRMs in ISB/Brij 96 at 37
• C Since Thy-1 and PrP DRMs could be immunopurified largely as separate DRMs after solubilization using Brij 96 at 4
• C [24] , immunoaffinity separation of DRMs was undertaken after solubilization at 37
• C. Since Thy-1 is the more abundant protein on the neuronal surface [7] , PrP was first immunoisolated, then Thy-1 was purified from the PrP-depleted fraction. Each protein was recovered almost entirely free from the other ( Figure 5 ). Actin was co-eluted with Thy-1 DRMs but not PrP DRMs, but not when the DRMs were fully solubilized, suggesting that actin does not bind directly to Thy-1, but to some other component of its DRMs. 
Preservation of asymmetry of glycoproteins in DRMs isolated at 37
• C DRMs isolated from fractions 3 and 4 of sucrose gradients, after solubilization in Brij 96 in ISB, were fixed, snap-frozen, cryosectioned and labelled with WGA coupled to 5 nm gold, to identify the extracellular glycan chains of glycoproteins that are present only extracellularly [33] . This method allows equal access of the lectin to both sides of the DRM membrane, so that any scrambling of the natural asymmetry of the plasma membrane should be evident as scrambling of WGA-gold labelling on both sides of the DRM membrane. Typical results for Brij 96 DRMs are shown in Figure 6 . Interpretation of results is complicated because the cryosections are ∼ 80 nm thick, whereas many of the labelled DRMs are smaller so that their membrane is often seen en face as it curves within the plane of the section (e.g. Figure 6 , top left). However, whenever a clear cross-section of membrane was seen, the WGA label was always on the external surface only, indicating that DRMs preserve an outside-out orientation of membrane, and do not randomly scramble the in vivo asymmetry of the plasma membrane.
Morphology of individual Thy-1 and PrP DRMs isolated at 37
The ultrastructure of individual Brij 96/ISB DRMs taken from gradient fractions 3 and 4 was examined using EM by immunolabelling DRMs at 37
• C with anti-PrP Fab on 5 nm gold, and antiThy-1 Fab on 10 nm gold (Figure 7) . The overall vesicle population varied considerably in size and shape, with ∼ 30 % of the vesicles immunolabelled for either Thy-1 or PrP. En face and glancing side views of membranes predominate.
Virtually all of the PrP label occurred in large clusters, often in linear arrays (e.g. Figures 7C-7F) as found on the surface of cultured neurons [7, 24, 25] . At the magnification reproduced here, overlapping 5 nm grains within a cluster could be mistaken for 10 nm label (e.g. Figures 7C and 7E) , although overlapping particles lack the symmetry and contrast of single 10 nm gold particles. With overlapping label, individual grains were resolved at high power under the microscope, and their size and number were noted for quantification. PrP clusters only occasionally had Thy-1 label near them {e.g. Figure 7F ; applying the same criterion as [24] , only 3.9 + − 2.0 % (mean + − S.E.M.) of PrP label was within 20 nm of Thy-1}. However, a single DRM that contained a large Cell membranes could only be obtained at 0.5 mg/ml membrane protein, and so were solubilized in ISB at 37 • C in 0.05 % Brij 96, to maintain the same detergent/protein ratio as used with brain membranes. Immunoblots are of fractions along the gradient as before; fraction 12 is the pellet.
PrP cluster could also contain a relatively distant label for Thy-1 (e.g. Figures 7C and 7G) .
Thy-1 label most frequently occurred at low density upon thin tubular structures ( Figures 7I-7K ) that were possibly derived from axons, although larger clusters were also found ( Figures 7H and  7L ). Most Thy-1 was not associated with PrP immunolabelling (3.2 + − 1.4 % Thy-1 label was within 20 nm of PrP label, and, even extending the range, only 13.1 + − 4.5 % of Thy-1 label was within 150 nm of labelled PrP).
The striking feature of these images, however, is that the labelled GPI-anchored proteins occupy only a small fraction of the DRM surface; the major part of DRMs isolated under these conditions was not occupied by our 'marker' proteins. This was also found with DRMs isolated in Brij 96 at 4
• C [7] .
Isolation of DRMs at 37 • C from primary cultured adult sensory neurons
To test whether DRMs could be isolated at 37
• C from cultured cells, sensory neurons were chosen as they can uniquely be cultured from adult animals [34] . Neurons were fragmented by N 2 cavitation, and their membranes collected by centrifugation and run on a sucrose density gradient where colloidal gold staining showed their proteins were recovered in the loading fractions and pellet, and not in the low-density fractions (see Supplementary Figure S3A at http://www.BiochemJ.org/bj/417/ bj4170525add.htm). The small amounts of material limited the membrane protein concentration to 0.5 mg/ml, so Brij 96 was proportionately diluted to 0.05 % for solubilization for 5 min at 37
• C, releasing membrane protein to float at low density (see Supplementary Figure S3B ). Virtually all Thy-1 floated as low-density DRMs (fractions 1-3; Figure 8 ), whereas only ∼ 10 % of PrP floated as somewhat heavier DRMs (fractions 3-5), the majority remaining in the loading fraction (where it was fully solubilized by the criterion of not being pelleted by ultracentrifugation; results not shown). This difference between the two GPI-anchored proteins matches the almost exclusive location of Thy-1 on the surface, and of 90 % of PrP in intracellular membranes on these neurons [25, 28] . Flotillin-1 behaved very similarly to PrP: the majority being fully solubilized, but some floated in fractions 3-5. The intracellular diacylated kinase Fyn was largely recovered in the pellet (fraction 12), probably as part of larger protein complexes, but a proportion was recovered in the Thy-1-rich fraction 1. Two 'non-raft' proteins, monoacylated Src and transmembrane LRP1, remained entirely (LRP1) or largely (Src) in the loading fractions, with no trace in DRM fractions 1-5. Actin was primarily in the pellet, but a very small proportion floated as high as fraction 1.
Isolation of DRMs at 37
• C from N2a Cells N2a cells were similarly fragmented by N 2 cavitation and solubilized with Brij 96 in ISB at 4 and 37
• C at the same protein concentration (5 mg/ml) used with brain membranes. It was found that 0.5 % Brij 96 solubilized most of the PrP at 37
• C (results not shown), and lowering the detergent concentration to 0.05 % was required to obtain PrP and flotillin-1 in low-density fractions; no actin was recovered in DRM fractions (Figure 9 ). Thy-1 was not assessed as N2a cells do not express it.
The distinctive difference between solubilization at 4 and 37
• C was in the size of the DRMs obtained, which were smaller and more homogeneous at 37
• C, irrespective of whether ISB or SB was used (see Supplementary Table S1 at http://www.BiochemJ. org/bj/417/bj4170525add.htm).
DISCUSSION
The present study examines the hypothesis that ionic stabilization of the lamellar phase of inner leaflet lipids enables L o nanodomains on the cell surface to resist detergent solubilization at physiological temperature. Experimentally convenient immunoassays of raft proteins have been used to explore relevant variables; lipid and structural analyses were also made ( [12] , and X. Chen M. J. Lawrence, D. Barlow, C. Wolf and P. J. Quinn, unpublished work).
Demyelinated membranes from adult rat brain have been used as starting material, providing fully differentiated plasma membranes, albeit of mixed cellular origin (neurons, glia and vasculature). Two GPI-anchored raft proteins, Thy-1 and PrP, are expressed only on neurons in normal adult brain [35, 36] , and occupy topographically, biochemically and functionally different nanodomains on the neuronal surface [7, 24, 25, 37] . Their behaviour during solubilization monitors the detergent-resistance of distinct subdomains of the surface of mature neurons. To monitor the integrity of the inner leaflet, flotillin, that inserts into this leaflet via a polypeptide loop, and Fyn, that inserts via two acyl chains, have been used [38] . Src, similar to Fyn, but with only one acyl chain inserting into the lipid bilayer, is found at 4
• C not to associate with DRMs [38] . The cytoskeletal structural proteins actin and tubulin were included, since, although the vast majority of these proteins are in cytoplasmic and cytoskeletal pools, a very minor proportion contacts and organizes the topography of transmembrane proteins. Finally, LRP1 has been used as an example of a transmembrane protein not normally found within rafts [28] .
DRMs could be isolated from brain membranes and cultured adult sensory neurons at 37
• C using the same detergent/protein ratio; however, with the N2a cell line, this ratio had to be lowered 10-fold. The source of the higher detergent-resistance of the adult neuronal membrane is unknown, but correlates with the high resistance (compared with cell lines) to transfection of DNA vectors into primary cells in general, and into adult neurons in particular [39] . These differences in permeability of surface membranes, whether to detergent solubilization or large DNA complexes, means that no single protocol for DRM isolation applies to all cell types. The basic approach needs to be finetuned to match the membranes studied.
Surprisingly, both Thy-1 and PrP floated within low-density membrane fragments after solubilization at 37
• C in either Triton X-100 or Brij 96, irrespective of the buffer (SB or ISB) used. However, incorporation of cytofacial leaflet proteins in DRMs was improved using ISB, so ISB/Brij 96 DRMs were characterized both biochemically and ultrastructurally.
The association of proteins with ISB/Brij 96 DRMs isolated at 37
• C agrees with known differences in their biochemistry. Functionally, Thy-1 inhibits signalling of Src-family kinases [40] , of which Fyn is the main diacylated member in neurons and floated in the same light DRM fractions as Thy-1. The actual proportion of total Fyn in the DRM fraction was low, with most in the pellet or solubilized fractions. We find a similar low proportion of Fyn in brain DRMs isolated at 4
• C (results not shown), presumably because, in neurons, most Fyn associates with adhesion and postsynaptic density fractions that are not within L o -phase membrane. Neurons differ from the immortalized cell lines typically used for raft studies in being postmitotic and non-transformed primary cultured cells, which may account for their different compartmentalization of Fyn. Actin is involved in raft signalling (e.g. [41, 42] ), which may explain its selective association with Thy-1 DRMs. With cultured sensory neurons, PrP occurred in denser DRMs (peak fractions 4 and 5) than Thy-1 (peak fractions 1-3), confirming, independently of immunoaffinity isolation or immunolabelling, the separate identity of PrP and Thy-1 nanodomains on these neurons. The DRM component of flotillin-1 peaked with PrP, in keeping with its involvement in PrP signalling [43] .
One notable benefit of solubilization at 37
• C was the almost complete immunoseparation of PrP from Thy-1 DRMs compared with the presence of 20 % of PrP in Thy-1 DRMs at 4
• C [24] . This separation, seen also at the level of immunogold-labelled vesicles, argues that merger of neuronal surface nanodomains in detergent has not occurred since it would inevitably merge Thy-1 and PrP domains that are often within micrometres of each other on the neuronal surface [7, 24, 25] . Furthermore, the distinctive clustering of PrP on the neuronal surface [7, 24, 25] is retained in isolated DRMs. WGA labelling of cryosections of DRMs showed labelling only on their outer surface, again indicating that arbitrary merger of rafts had not occurred. Were raft membrane to curl arbitrarily upon solubilization, glycan labelling would be found equally on the inner or outer surface of individual vesicles. Label was only found on the outer surface, possibly because the Brij 96 causes lipid rafts to vesiculate from the surface, similarly to Triton X-100-induced budding of L o domains from giant unilamellar vesicles [44] . However, Triton X-100 scrambles membrane orientation in individual DRMs isolated from cells [8] , arguing that solubilization of cell membranes is more complex than that of pure lipid bilayers. A factor that could confer intrinsic convex pressure in raft membrane is the extraordinarily large glycoprotein headgroup on the GPI lipid, which should act like other disproportionately large lipid headgroups to impose convex curvature on raft membrane [38, 45] .
The larger clusters of 20-40 grains of univalent immunogold label for Thy-1 and PrP that we find on isolated DRMs and on the neuronal surface [24, 25] are contrary to findings that GPIanchored proteins are not confined to recognizable domains until they are cross-linked by ligand [46] [47] [48] or multivalent antibody [49] . The GPI-anchored proteins in these fluorescence-based studies do not include Thy-1 or PrP. Fluorescence correlation spectroscopy shows Thy-1 to be confined to 40-120 nm domains on living cells [50, 51] , similar to those seen by EM. We therefore suggest that the expectation that all GPI-anchored proteins are not clustered until cross-linked reflects the range of molecules and cell types examined, and does not apply to neuronal rafts of Thy-1 and PrP.
Immunolabelled PrP and Thy-1 occupy an unexpectedly small part of their DRMs, suggesting that both proteins are clustered due to properties additional to their partitioning into L o domains, and occupy only a small proportion of their rafts. Studies show that the L o phase can be the major lipid phase on some cell surfaces (e.g. [52, 53] ), whereas our fluorescent and EM immunolabelling indicate that Thy-1 and PrP occupy, at most, a few per cent of the neuronal surface [7, 24, 25] . Although the mechanism is currently unclear, clustering of PrP and Thy-1 on the neuronal surface into subregions of larger L o -phase lipid domains is possible.
Overall, the use of a buffer that reproduces aspects of the intracellular environment during solubilization enables the isolation of DRMs at 37
• C that have properties compatible with their being isolated lipid rafts. It is now possible to identify their composition and determine whether these components associate at the surface membrane of the living cell. Our results indicate further the need to examine the topographical relationship on neurons between raft proteins and lipids. 
EXPERIMENTAL DLS (dynamic light scattering) analysis of detergent micelle and DRM size
The diffusion coefficient of micelles of Brij 96 and Triton X-100 at 20
• C was determined using a DLS5000 light-scattering instrument (ALV GmbH) using the goniometer stage from 30 to 150
• at every 10 • , and a wavelength of 633 nm. Before measurement, the micellar samples were filtered through 200 nm polycarbonate Millipore filters, until free from dust. The distribution of sizes in the preparation was determined using cumulants.
Effect of buffer composition upon detergent micelle properties
To investigate whether buffer composition had any effect on the properties of micelles formed by the detergents, and therefore on their ability to solubilize membranes, the hydrodynamic sizes of micelles formed by the non-ionic detergents Triton X-100 and Brij 96, dispersed in either SB or ISB, were determined from 0.2-1.0 % (w/v) of detergent using multi-angle DLS (Supplementary Figure S2) . The hydrodynamic size of the micelles was constant with respect to measurement angle (i.e. 30-150
• ) at each of the detergent concentrations examined, but increased with detergent concentration, suggesting the presence of attractive interactions between the micelles. The hydrodynamic size of the micelles was therefore determined by extrapolation of the size data using a measurement angle of 90
• over the detergent concentration tested to zero concentration. At 20
• C, the hydrodynamic size of the micelles formed by Triton X-100 in ISB and SB were 5.27 + − 0.20 and 5.48 + − 0.10 nm respectively. Brij 96, being larger (Supplementary Figure S1) , formed larger micelles of 6.00 + − 0.43 nm in ISB and 6.31 + − 0.33 nm in SB.
Table S1 Size of DRMs from N2a cells isolated using Brij 96
The size range of the percentage of the vesicle population shown, determined by DLS, is given.
DRMs
Diameter ( 
